SUMMARY
INTRODUCTION
To survive among competing microorganisms in an environment with limited resources saprophytic filamentous fungi such as Aspergillus nidulans and Aspergillus niger adapt rapidly to changing nutrient conditions. Two major control circuits, specific induction and general carbon catabolite repression (CCR) 1 , enable considerable versatility in utilizing a wide range of carbon sources while preferentially consuming readily available substrates of high nutritional value before less accessable ones. In A. nidulans, CCR is ultimately mediated by the DNA-binding transcriptional repressor CreA, which prevents activation of the catabolism of less preferred carbon sources if a more favorable growth substrate is available 
Much is known about the targeting of transcriptional control of nutrient utilization in
A. nidulans, the molecular means by which induction and repression are imposed on the promoter regions of genes subject to catabolic regulation. In the inducible ethanol utilization pathway, the functional cis-acting elements conferring induction and repression, the target sequences of the DNA-binding activator AlcR and the general CCR-repressor, have been identified in the regulatory alcR gene encoding the pathway-specific activator and the structural genes for alcohol dehydrogenase I and aldehyde dehydrogenase, alcA and aldA, respectively (reviewed by 4). In this model system, various mechanisms by which induction and repression of induction are mediated were evidenced and a subtle interplay between the two regulatory circuits was shown to fine tune the expression of each of these three genes in distinct ways (7) (8) (9) (10) (11) (12) . Functional regulatory target sites have also been identified in two other catabolic systems, the xylanase gene xlnA and the proline permease gene prnB (13) (14) (15) (16) .
Far less is known about the means by which the CreA repressor becomes functional in response to repressing carbon sources and how the repressional regulatory circuit adapts to changing nutrient conditions, e.g. upon exhaustion of a preferable carbon source. It has been shown that transcription of the creA gene itself is negatively autoregulated in response to repressing carbon sources, leading to a reduced steady-state creA transcript level (17) .
However, the CCR-repressor function appears to be mainly controlled at the post-4 transcriptional or post-translational level (17) (18) (19) (20) . In A. nidulans, strains mutant in two additional genes, creB and creC, exhibit some derepressed characteristics similar to those observed in loss-of-function creA mutants but also show a number of phenotypes not related to CCR (21, 22) . These two genes have been characterized recently and interestingly, S. cerevisiae does not appear to harbor any close homologues (23, 24) .
Still less is known about the sensing of repressing compounds and the means by which such compounds trigger the CCR response in filamentous fungi. In S. cerevisiae, an important role in the glucose-sensing process has been ascribed to hexokinase Hxk2p, an enzyme catalysing the first step in glycolysis and glucose fermentation, phosphorylation of D-glucose at C6 (reviewed by 6). Baker's yeast actually specifies three enzymes capable of this phosphorylation, hexokinases (Hxk: EC 2.7.1.1) Hxk1p and Hxk2p, and glucokinase (Glk:EC 2.7.1.2) Glk1p (25) . Any one suffices for growth on glucose, but Hxk2p is the main activity for phosphorylating glucose as it is predominantly expressed during fermentation (26, 27) .
Concomitantly, only this isozyme is essential for repression of catabolism of alternative carbon sources as sucrose and maltose: loss-of-function hxk2 mutants are defective in glucose repression mediated by Mig1p (28; reviewed by: 6, 29). The mechanism by which Hxk2p participates in glucose repression remains obscure to date. In general, a strong correlation is found between the capacity of mutant Hxk2p to phosphorylate glucose or fructose and CCR by these two sugars (30, 31) . However, catalytic activity of Hxk2p might not be essential for glucose repression but rather signal transmission might be linked to Hxk2p conformational changes induced by the sugar and ATP (32) (33) (34) .
In the filamentous fungus A. nidulans, hexose phosphorylation was previously studied in the D-fructose non-utilizing frA1 ("fructokinase") mutant (35, 36) . This mutant lacks Hxk activity but, unlike the situation in S. cerevisiae, its glucose CCR of ethanol and L-arabinose catabolism appeared fully functional. Here, we have utilized three carbon utilization systems -ethanol (alcA and alcR genes), xylan (xlnA) and acetate (facA) -to investigate the role of hexose kinases in CCR at the transcript level. The previously mentioned Hxk mutant (frA1 renamed herein hxkA1) as well as newly obtained Glk (glkA4) and hexose kinase double (hxkA glkA4) mutants were studied. We show that the two hexose kinases play parallel roles in glucose repression in the model organism A. nidulans.
EXPERIMENTAL PROCEDURES

Aspergillus nidulans Strains, Media and Growth Conditions-A. nidulans strains used
in this study are listed in Table I . The references refer to the mutations relevant to this work.
Other markers are in standard use (37) . Media composition, supplements and basic growth conditions at 37°C were as described by Cove (38) , using di-ammonium tartrate ( days at 37°C and mutants were purified using the same medium. Wild type strain C62 was used to cross out the hxkA1 (frA1) translocation in NW298 to yield single glucokinase (glkA4) mutants NW299 and NW300. Genetic mapping of the glkA4 mutation was only possible in a Hxk-deficient background (see "Results" section). 2DOG-resistant strain NW193 (glkA4 hxkA2) was crossed to CEA54 to exchange auxotrophic markers to facilitate the formation of a diploid between the progeny strain NW303 and the tester strain NW301, utilized in parasexual analysis to localize the glkA4 and hxkA2 mutations (see Table I ).
Enzyme Assays-Cell-free extracts were prepared from frozen mycelia in liquid nitrogen as described previously (36) . All enzyme assays were done at 25°C. Glucose-and fructose-phosphorylating activities in crude extracts were determined as described by Ruijter et al. (36) . To distinguish better between in vitro Hxk and Glk activities, assays were performed in both the absence and presence of the Hxk-specific inhibitor trehalose-6-phosphate (40) . At 1 mM, the inhibitor reduced the measured Hxk activity to about 1/10 of its actual value (see Table II , compare to activities in the Glk mutant glkA4). (36) . The selection of Glk mutations in a hxkA1 strain was based on increased resistance to the toxic antimetabolite 2-deoxy-D-glucose (2DOG) in the presence of glycerol as sole carbon source (see "Experimental Procedures" for details). This glucose analogue is phosphorylated by either hexose kinase but cannot be catabolized any further (46) .
Among the 2DOG-resistant mutants, several were unable to grow on glucose. The glucose non-utilizing mutant exhibiting the lowest residual glucose phosphorylating activity was chosen for further analysis. Fructose-utilizing (hxkA + ) progeny from an outcross grew
normally on glucose and were tested for hexose phosphorylating activities in crude extracts as compared to wild type, the 2DOG-resistant glucose non-utilizing parent and the single hxkA1 mutant. Some of the glucose-and fructose-utilizing progeny clearly lacked Glk activity (see Table II ). The mutation resulting in the Glk lesion was designated glkA4. Other glucose and fructose non-utilizing mutants were selected for 2DOG resistance in an outcrossed glkA4 single mutant. Parasexual analysis of one such strain allocated glkA4 to chromosome III and the newly selected hxkA2 mutation, as expected, to chromosome IV (results not shown).
We can conclude that only hexose kinase double mutants are unable to grow on glucose as sole carbon source. In contrast to the fructose non-utilizing Hxk mutants, the Glk mutant strains do not show any obvious nutritional deficiencies. Table II shows high levels of glucose and fructose phosphorylating activities in a glkA4 strain which are decreased drastically in the presence of the Hxk inhibitor trehalose-6-phosphate. This strongly suggests that Hxk can compensate the lack of Glk activity, allowing glkA4 mutants to grow normally on glucose. Similarly, Glk appears to compensate the absence of Hxk in hxkA1 for glucose phosphorylation and growth as reasonable levels of glucose phosphorylation were measured in the absence and presence of trehalose-6-phosphate (Table II) . In agreement with nutritional phenotypes, only the double sugar kinase double mutant (hxkA1 glkA4) is unable to phosphorylate either hexose (Table II) .
Defining the Conditions to Trigger CCR Using Three Different Catabolic Systems-
Ethanol Utilization-The ethanol utilization (alc) pathway is convenient for studying the signalling of CCR because of its highly inducible structural (alcA) and regulatory (alcR) gene expression, the marginal levels of non-induced (constitutive) expression and the high repressibility by CreA in the presence of repressing carbon sources like glucose, fructose and D-xylose (Fig. 1A) . Competition between the pathway-specific activator AlcR and the general repressor CreA occurs in the alcA and alcR genes under all conditions of growth while alcR expression is, in addition, subject to direct repression by CreA (7, 8, 10, 11) . A further advantage is the availability of an efficient gratuitous inducer, 2-butanone (47).
Xylan Degradation-The gene encoding xylanase A (X 22 ) in A. nidulans, xlnA (43) , was chosen as the second system (Fig. 1B) . xlnA is one of the few genes in which a functional target site for CreA has been identified (13) . In addition, the xlnR regulatory gene, encoding the pathway-specific activator, is most likely subject to CreA-mediated repression (48) . For expression of xlnA, induction is absolutely required. The simplest inducer, D-xylose (the monomer of xylan), is highly metabolizable and is strongly repressing at high concentrations (1) . 2 This pentose requires specific transport (see below). The xylanase system is extremely sensitive to repression. D-Gluconate as carbon source for growth allows reproducible glucoserepressible, xylose-inducible expression of xlnA in wild type, but as will be shown below, nevertheless exerts significant repression.
Acetyl-CoA Synthetase-The third system chosen is the facA gene, encoding acetylCoA synthetase catalysing the first step of acetate catabolism in A. nidulans (44, 49) . This gene features expression characteristics, completely different to those of xlnA (Fig. 1C) .
Glycerol was used as growth substrate. As on many other carbon sources, facA is constitutively expressed to considerable levels on glycerol, but wild type strains remain clearly inducible by acetate and glyoxylate (to between two-and threefold the basal level).
We utilized 10 mM acetate (pH 6.8) as inducer, as higher concentrations reduce general transcription efficiency as characterized by lower γ-actin transcript levels (47 
Inducer Exclusion Accounts for One Apparent Form of CCR of xlnA Expression-A
very straightforward way to prevent the expression of an inducible catabolic system is by inducer exclusion, i.e. blocking entry of the inducer. Inducer exclusion can result from direct
CreA-mediated repression of the gene encoding the specific permease of the repressible catabolic system. This is the principal mechanism of repression of the structural genes of proline catabolism in A. nidulans (16, 53) .
The regulation of the xlnA gene illustrates inducer exclusion. 5 mM xylose is sufficient to induce xlnA in wild type and, as expected, xlnA expression is completely prevented in the presence of 1 % glucose (results not shown). This is, however, not related to any action of
CreA since in the strongly derepressed mutant creA d 30 , expression of xlnA is also prevented under these conditions (Fig. 3) . The presence of fructose has no such effect. Furthermore, this phenomenon did not occur in the creA d 30 strain when equimolar (50 mM) amounts of both xylose and glucose were present although xlnA was fully repressed in wild type under these conditions (not shown). We therefore avoided inducer exclusion by employing the higher xylose concentration (50 mM). Presumably, the inducer exclusion is caused by a direct inhibition of xylose transport by the structurally related sugar glucose. Xylose inhibition of 2DOG transport in A. nidulans has been reported (54) .
The Effect of Single Hexose Kinase Lesions on CCR by Glucose and Fructose:
Hexokinase is Required for Full Fructose Repression-The lack of hexokinase in the hxkA1 mutant does not prevent glucose repression in any of the three systems at the transcript level (Fig. 4) . However, the Hxk-deficient strain is clearly derepressed in the presence of fructose, the sugar that is neither phosphorylated nor catabolized by this mutant. This indicates that
Hxk at least plays some role in the transmission of the repression signal for fructose. In S.
cerevisiae, elimination of Hxk activity, by the deletion of both the Hxk-encoding genes, HXK1 and HXK2, likewise leads to derepression on fructose (55).
Interestingly, from the analysis in alc, clearly this derepression is far from complete (Fig. 4A) . Partial derepression is consistent with the ability of hxkA1 mutants to be suitable for selection of CCR-derepressed creA mutants such as creA d 30 (56) . This strongly suggests that, in the absence of hexokinase, another factor, devoid of apparent fructose phosphorylating activity, can partly fulfil the regulatory function of Hxk with respect to CCR by fructose and its precursors.
One possible candidate for this regulatory factor would be glucokinase, a hexose phosphorylating enzyme with a narrower substrate range apparently constitutively produced (Table II) . However, the single Glk mutant glkA4 exhibits wild-type repression by both fructose and glucose for all three systems (Fig. 5) . It would thus appear that Glk integrity is not important for CCR in A. nidulans. In S. cerevisiae, Glk does not fulfil any regulatory function in either glucose or fructose repression, even when artificially overexpressed (31, 55, 57) .
Derepression in Hexose Kinase Double Mutants: Hexokinase HxkA and Glucokinase
GlkA Compensate Each Other for CCR by Glucose-In the hxkA1 glkA4 double mutant all three systems are derepressed for both glucose and fructose (Fig. 6) . The translocation-free hxkA2 glkA4 double mutant gave identical results for the alc system derepression (not shown).
This excludes the possibility that derepression involved a consequence of a translocation breakpoint other than the translocation associated with the hxkA1 mutation. The derepression of the alcR and alcA genes on fructose is almost complete (80-100%) whereas on glucose, it is about 50%. The xlnA and facA genes are completely derepressed both on fructose and glucose. However, an unexpected observation for xlnA is that its induced expression is decreased considerably. Furthermore, for facA, the basal level expression is increased, whereas the steady state induced level remains similar to that in the wild type. The reason for this increased facA basal level is unknown.
Comparison of the derepression of the alc genes on fructose in the single hxkA1 mutant and in both hexose kinase double mutants shows that the derepression in absence of both hexose phosphorylating enzymes is virtually complete while that in the single hexokinase-deficient strain is only partial (Fig. 4A and 6A and data not shown). For the signalling by the ketosugar, glucokinase appears to partially compensate the Hxk deficiency.
Our results suggest that Glk is -either directly or indirectly -involved in fructose repression in A. nidulans, despite the fact that fructose is not a relevant catalytic substrate for the enzyme (cf . Table II) . A direct involvement of Glk in fructose repression in A. nidulans would unambigiously distinguish the regulatory function of hexose phosphorylating enzymes in CCR-related signal transmission from the catalytic activity with regard to this sugar. In Fig. 7 2; results not shown). We were in fact unable to find a completely derepressing, non-inducing carbon source for the analysis using xlnA.
Derepression in Hexose Kinase Double Mutants Put in
Gluconate was eventually selected because it allowed reproducible glucose-repressible and xylose-inducible xlnA expression in the wild type (see Fig. 1B ). Hence, derepression observed in the hexose kinase double mutant appears to concern only the additional repression from glucose or fructose over the "basal" repression from gluconate and the inducer, xylose. (Fig. 8) , although the induced level of xlnA transcript is still elevated due to the absence of functional CreA (30-fold greater than wild type) (Table III) . Hence, the reduced (three-fold) inducibility observed in Hxk mutants is maintained in a truly derepressed background. This suggests that Hxk has a CreAindependent, positive role in xylose induction of xlnA.
Reduced Inducibility of xlnA in Hexokinase Mutants
DISCUSSION
Hexose kinase Single mutants are not affected in glucose-mediated CCR-Carbon
catabolite repression in the filamentous fungus A. nidulans appears related to the capacity to utilize a given carbon source. The three repressible systems monitored here, ethanol catabolism (alcA and alcR), xylanase A (xlnA) and acetyl-CoA synthetase (facA), respond in a quantitatively similar manner in the different hexose kinase mutant backgrounds.
Hexokinase (hxkA) mutants have derepressed steady-state transcript levels for the three systems vis-à-vis fructose while being unable to utilize it. On the other hand, hxkA mutants grow normally on glucose while the three diagnostic systems remain repressed in its presence, in sharp contrast to the situation in S. cerevisiae, where Hxk2p is essential for glucose repression (but not for growth on glucose) (reviewed by 6, 29) . The hexokinase mutant produces glucokinase activity in the presence of either fructose or glucose (Table II) .
The single glucokinase (glkA4) mutant data support the argument that CCR correlates with carbon source utilization. Glk mutants do not exhibit nutritional deficiencies as they produce high levels of Hxk activity enabling phosphorylation of both fructose and glucose.
The Glk mutant shows an apparently wild-type transcriptional repression for all our diagnostic systems in the presence of either sugar. The two glucose-phosphorylating enzymes thus substitute each other functionally in the single mutants, both with respect to catalytic function and in establishing glucose-mediated carbon catabolite repression. In this respect, transcript analyses of the three systems correlate with the measured hexose kinase activities.
Sugar phosphorylation is a critical step in CCR by hexose sugars-The observations
in both hexose kinase single mutants are in agreement with previous work with the hxkA1 mutant (36) and would suggest that hexokinase and glucokinase are not involved in CCR by glucose. However, both our double hexose kinase (hxkA glkA4) mutants refute this conclusion as they show considerable transcriptional derepression for all three systems in the presence of either glucose or fructose. Derepression in both double mutants is total for xlnA and facA whereas for alc, it is greater on fructose than on glucose. For these double mutants, glucose is not a carbon source and (in vitro) phosphorylation of both fructose and glucose is virtually Overall, our results would implicate either glucose phosphorylation, the first step in glycolysis, or the catabolic flux initiated from it as essential for signalling glucose repression in A. nidulans. Two independent findings favor sugar phosphorylation as the critical step.
Firstly, A. nidulans pyruvate dehydrogenase-deficient (pdhA) strains are unable to grow on glycolytic substrates (58, 59 ). In such glucose non-utilizing mutants, sugar phosphorylation still occurs. However, they provide a very amenable genetic background for the positive selection of derepressed creA d mutants (2, 60) . Secondly, our repression-defective hexose kinase double mutants were isolated by positive selection for resistance to 2DOG, a glucose analogue which is phosphorylated without initiating catabolic flux (54) . Nevertheless, 2DOG
represses induced expression of the alc genes at the transcript level as strongly as glucose does, as shown in Fig. 9 . In S. cerevisiae, Hxk2p is involved in the regulation of glucose uptake and hxk2 mutants have a different expression spectrum for hexose transporters This is most evident for xlnA (Table III) . Several mechanisms, possibly acting in concert, might account for the 300-fold difference in induction: a total lack of repression from the carbon source gluconate and the inducer xylose, derepression of the activator-encoding xlnR gene in addition to that of the structural xlnA gene and altered xylose transport. To this latter end, we have shown that the reduced inducibility of xlnA in hexokinase mutants is not due to
CreA-mediated repression ( Fig. 8 and Table III ). In the derepressed triple mutant (creA Table III ). The relative data below the xlnA Northern were determined using a dilution range of the creA d 30 xylose-induced RNA sample.
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